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Abstract

Carbon, as the main building block of organic compounds, is one of the most
important chemical elements essential for all living organisms. Much of the discussion
on nanotechnology perspectives has been centered around carbon-based nanostructures
in the last three decades due to the popularity of fullerenes, nanotubes, and
unprecedented success of graphene. The interest in low-dimensional carbon materials
has been exponentially growing ever since, because of their exceptional electrical,
chemical, thermal, and optical properties. Carbon-based nanomaterials, in particular,
carbon nanotubes (CNTs) and graphene, provide a variety of new opportunities for
fundamental and applied research across many disciplines of science. A prerequisite for
many of these applications is a thorough understanding of the nature of the elementary
and coupled excitations, and various dynamical processes involving them. There are
three facets of the work that has been conducted for the current thesis. The first one
deals with the study of the electrical and linear optical properties including light-
emitting characteristics of suspensions and thin films of carbon quantum dots and
nanoparticles. Starting from graphitic microparticles, the carbon quantum dots and
nanoparticles were synthesized by nanosecond laser ablation in ultrastable aqueous
suspensions and thin films, respectively. The reason for the ultrastability of the
quantum dot suspensions without the use of any additives/surfactants was determined
to be due to the similar charges developed on them during the growth itself. Electrical
measurements on thin films of carbon nanoparticles revealed a hopping mechanism for
electrical  conduction.  Simultaneous  measurements  confirmed  persistent
photoconductivity which implies the presence of a large density of localized/disordered
states. Other than oxygenated impurities that are responsible for the luminescent
properties of the amorphous carbon nanoparticle films, clear signatures of shallow and
deep level localized or trap states were determined from the temperature-dependent
electrical and optical experiments. The second part of the work involved extensive use
of femtosecond laser pulses for the determination of hot carrier dynamics in carbon
nanotubes and graphene oxide flakes. Femtosecond time-resolved optical pump-probe

spectroscopy of single walled carbon nanotubes (SWCNTs) helped us to determine



electron-phonon coupling strength and m-plasmon dynamics in them. Competing
photobleaching and induced-absorption effects, involving processes of intraband
relaxation and intertube coupling in bundles by charge transfer, were observed
simultaneously within the first 200 fs in the recovery of the photoinduced changes in
the ultrafast response. Ultrafast photoresponse through time-resolved differential
transmission measurements revealed three relaxation channels for carrier/energy decay
in graphene oxide flakes. The first two time-constants of the decay process are same as
the signature features of pristine graphene, however, a third and much weaker
component with time-constant of ~70 ps is also observed, which has to do with the
defects and oxygenated impurities in graphene oxide. Detailed temperature-dependent
measurements allowed us to understand the phonon bottleneck behavior in the hot
carrier relaxation dynamics. In the last part of the thesis, sub-bandgap photoactivation
in a transition dichalcogenide monolayer sandwiched between two graphene layers has
been studied by employing ultrashort THz pulses. For these measurements, sub-
picosecond THz pulses were generated by dual-colour ultrafast air-plasma to employ
them as probe pulses for measuring femtosecond optical pulses-induced effects in the
specially designed tri-layer heterostructure. The photogenerated carrier gradient in the
two graphene layers, separated by the transition metal dichalcogenide layer provides
the main force for the carriers to migrate to the intermediate layer facilitating
enhancement in the overall photocarrier generation and hence optical pump-induced
THz response from the system as compared to either graphene or the transition metal
dichalcogenide monolayer alone. Besides, the stationary THz conductivity in an
ultrabroad THz frequency range has also been measured for the individual layers as
well as the heterostructures, which is a very good addition to the literature for

determining futuristic applications of such quantum materials for all-optical devices.
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samples, and (b) Absorption spectrum of graphitic microparticles. (c)
Schematic representation for molecular orbitals showing n-m*
transition of the core sp2 carbon bonds, and n-n* transition of the
C=0 (or other oxygen functionalized groups) bond. The dashed line
is drawn to mark the spectral shift.

(a) PL spectra at 325 nm laser excitation of CQDs in the S40, S60,
and S80 samples. (b) Schematic energy level diagram for possible
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emission is the integrated effect from intrinsic(graphitic core) and
extrinsic(surface states) routes as indicated. The camera images in the
middle show’s green fluorescence from quantum dots.(c) Energy
band diagram showing a blue shift with decreasing particle size with
increasing laser irradiation time. The dashed line in (a) is drawn to
mark the spectral shift.

(a) Scanning electron micrograph of the CNF showing the layered
exfoliation of the material by the laser ablation. (b) Magnified view
of a small uniform region in the micrograph shows a nearly uniform
particle size distribution with an average diameter of ~40 nm.

(a) 3D AFM image showing the details of the film morphology
containing nearly uniform height regions as well as non-uniform
boundary regions described in Fig. 3.1(a) One section of the uniform
region within the high-resolution AFM nanograph in (a) taken for the
estimation of the average thickness of the film. (c) Height profile
curve obtained by making a cut along the line drawn in (b) providing
the average thickness to be ~50 nm.

(a) Raman spectra of the crystalline graphitic particles used as the
starting material in the synthesis process and the resultant material
under study, a-CNF. Broad characteristic G- and D-peaks in the
carbon film are indicative of high disorderness. The corresponding
intensity ratio of the two Raman peaks, ID/IG, is also shown, which
1s sometimes used as an indication of the degree of disorderness in
the carbon materials. (b) FTIR spectra on arbitrary y-scale to show

oxygen functionalization during synthesis by creating C-O groups
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3.4

3.5

3.6

3.7

3.8

attached to the nanoparticles. For comparison, the spectra of a
reference quartz plate and the graphitic particles are also shown.

(a) XRD spectra of the crystalline graphitic microparticles used as the
starting material vis-a-vis that of the a-CNF in (b) prepared by direct
laser ablation in the scanning technique on a substrate.

(a) Electrical resistivity of a-CNF as a function of temperature
ramped from 6 K to 350 K confirming the semiconducting nature.
The regions corresponding to different conduction regimes as
mentioned have been marked and the model fitting in various
temperature regions is also shown. (b) Arrhenius plot of electrical
conductivity (o) showing the thermally activated conduction (TAC)
(I) and NNH (II) regimes with solid lines as fit to the data in this low-
temperature regime using Egs. (1) and (2), respectively. Temperature
dependence of the conductivity by carrier hopping at (c) intermediate
temperatures due to the Mott-VRH process and (d) low temperatures
due to ES-VRH process. Solid lines in (¢) and (d) are fits to the data
using Egs. (3) and (4), respectively.

(a-b) Model functions in Eqns. (3.3) and (3.4) plotted for varying
values of Tm and Tgs as mentioned in the two VRH regimes
assuming an overlap between the two. (c) Plots of the experimental
data along with best match model function considering overlapping
between the two VRH regimes and given by Equations. (3.3) and
(3.4). Large deviation at lower temperatures clearly suggests the
nonoccurrence of the overlapping between the two VRH regimes (ES
and M), i.e., no common po factor.

AFM morphology of films treated with laser fluence of (a) ~48 J/cm?
and, (b) ~63 J/cm?. (c) R-T measurements on these samples showing
a slight difference in the temperature dependence.

Temperature dependence of photoinduced current and persistent
photoconductivity following laser excitation at [(a) and (b)] 325 nm
and [(c) and (d)] 633 nm wavelengths. The laser ON and OFF times
have been indicated by arrow marks. For (a) and (c), the background

dark current has been subtracted appropriately.
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3.9

3.10

3.11

4.1

4.2

Temperature evolution of the photoconductivity rise and decay
characteristics for excitation wavelengths of [(a)—(d)] 325 nm and
[(e)—(h)] 633 nm. Both the rise and decay of the signals at all sample
temperatures have a contribution from a fast (open circles) and a slow
component (filled circles). The times are given in seconds.
Temperature evolution of the photoconductivity rise and decay
characteristics for excitation wavelengths of [(a)—(d)] 325 nm and
[(e)—(h)] 633 nm. Both the rise and decay of the signals at all sample
temperatures have a contribution from a fast (open circles) and a slow
component (filled circles). The times are given in seconds.

(a) UV-Visible absorption spectrum of the a-CNF showing a
maximum absorption at ~270 nm due to the n—n* transition and a
broad tail extending into the visible range due to the n—* transition.
(b) Schematic of the energy structure and possible electronic
transitions to describe the nature of the observed PL from the a-CNF
sample. Trap states represented by T in the joint configuration space
are incorporated within the forbidden gap, which are thermally
activated to enhance the PL at intermediate temperatures. (c¢) PL
spectra taken at temperatures varying from 6 K to 400 K following
laser excitation of the a-CNF sample at 325 nm. (d) The unusual
temperature dependence of the PL intensity maximizing around 100
K seen from both the integrated PL intensity and the peak height at
530 nm.

(a) FESEM image of SWCNTs (scale bar = 500 nm), (b). In zoomed
view, showing a network of nanotube bundles with an average
bundle diameter of ~10 nm.(Scale bar=20nm).

(a) Raman spectra showing characteristic RBM and G-bands of
SWCNTs at 785 nm and 532nm, excitation wavelengths. Inset:
showing the splitting of tangential G-mode into two bands, namely,
the G" and G™. (b) Zoomed-in view for the RBM features. inset:
Zoomed-in view to show the dominance of chiralities (8,6) and

(7,6).
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5.1

(a) Optical absorbance spectrum. Inset: Background (dotted)
subtracted VRS transitions. (d) PL spectrum taken at 3.8 eV
excitation energy. The colored regions are the typical energy range
of the indicated optical transition energies.

(a) Experimentally measured time-resolved differential transmission
from SWCNTs film at 6 K. The continuous curve (in red) is a
numerical fit obtained by using multiexponential decay function
convoluted with a Gaussian pulse (80 fs FWHM). (b) optimized fit
to the experimental data using four exponentially decaying functions
consisting of responses from (8, 6) and (7, 6) nanotube species. (¢)
Summary of the relaxation processes involved in the decay of
transient response from the SWCNTs (see text for details).
Temperature dependence of transient transmission response from
SWCNTSs obtained at constant pump fluence of 512 uJ/cm?. Time-
resolved data and numerical fits (continuous curves) at a few sample
temperatures as indicated. Consecutive plots have been vertically
shifted for better clarity.

Evolution of the kinetic fit parameters i.e., (a) amplitude and (b)
time constants, as a function of the sample temperature. A’s are
amplitudes and t’s are time-constants of various relaxation
components.

Time-resolved transient transmission data and pump-fluence
dependence of the kinetic parameters recorded at sample
temperature of 6 K(a-c). Consequent data has been vertically shifted
for a clarity and thick red curves are numerical fits using four
exponential functions convoluted with Gaussian pulse (80 fs
FWHM).

(a-c)Time-resolved transient transmission data and pump-fluence
dependence of the kinetic parameters recorded at sample
temperature of 300K.

Raman spectrum of GO obtained at excitation laser wavelength of
532 nm. The characteristic D- and G-bands and the intensity ratio

are indicated.
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5.5

(a) Optical absorption spectrum of GO showing the most prominent
absorption feature (1 — ©* electronic transition), which is common
for aromatic C = C bonds containing material systems. (b) PL
spectra show broadband emission centered at 510 nm obtained after
optical excitation at 325 nm wavelength. (c) Marking of the energy
levels from the vacuum state for the intertwined sp-sp® regions in
the GO.

(a) Schematic of the experimental setup used for time-resolved
pump-probe spectroscopy in a transmission configuration. The
sample is mounted on the cold finger of the optical cryostat. Pu:
pump, Pr: probe, PD: photodiode. (b) Experimentally measured
time-resolved differential probe transmission from GO film at a
sample temperature of 6 K. (¢) Electronic band structure of GO
summarizing the various relaxation processes involved in the decay
of transient response. SA: saturable absorption, primarily in the sp*-
regions, and MPA: multiphoton absorption, primarily from the sp*-
regions.

Measured transient differential transmission data and pump fluence
dependence of the kinetic parameters. A’s are amplitudes and t’s are
time-constants of the exponentially decaying components. (a) Time-
resolved data at various pump fluences as mentioned. Continuous
curves in the time-resolved spectra are fits using tri-exponential
decaying function convolved with the Gaussian probe pulse (80 fs
FWHM). (b) Amplitudes (A’s) and (c) the corresponding time-
constants (t’s) of the exponentially decaying relaxation components
in the fluence-dependent dynamics. The dashed and solid curves in
(b) and (c) represent the mean behavior.

(a) Transient transmission response from GO film obtained at
constant pump-fluence of ~642 uJ/cm? in a large temperature range
of ~6—400 K. Continuous curves are fits to the data to extract the

kinetic fit parameters. (b) Variation of the ATr/Tr signal at three
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6.1

6.2

6.3

6.4

6.5

different times as indicated. Temperature-dependent evolution of the
kinetic fit parameters, i.e., (¢) the amplitudes (A’s), and (d) the
corresponding time-constants (t’s). The linear fit to the data for 12 in
(d) to extract the electron-optical phonon coupling strength. Dashed
curves in (b-d) are drawn to show the mean behavior.
Characterization of graphene, MoS> monolayer and the GrMoS,Gr
heterostructure using Raman spectroscopy. (a) Raman spectra of the
three samples revealing all the characteristic phonon lines of the
graphene and the MoS, monolayer. (b) Details and analysis of G-
and 2D peaks of graphene, and E»¢' and A!; modes of MoS;,
monolayer. The shifts in the frequencies of these modes in the
GrMoS2Gr heterostructure have been marked. Graphene: G-mode at
~1587 cm-1, 2D-mode at ~2680 cm-1; MoS2: E»4'-mode at ~386
cm™! and A'y mode at ~403 cm™.

Characterization of the MoS; monolayer, graphene and GrMoS>Gr
heterostructure by UV-Visible absorption spectroscopy.

(a-b) Experimental time-domain THz traces and the Fourier domain
spectra from the quartz substrate and without any sample in air. (c)
Index of refraction, n and the extinction coefficient, k¥ obtained for
the quartz plate following thin film analysis as described in the text.
Static THz conductivity of graphene, MoS; and GrMoS,Gr
heterostructure. (a-b) THz time-domain scans and the corresponding
Fourier transforms obtained on different samples; same are shown
for air as reference. The inset in (a) is the zoomed-in view around
the field maximum to show the temporal shift between the scans for
different samples due to the slight difference in the thickness of the
quartz substrate used in them. (c: upper panel) Real part, Re(c) and
(c: lower panel), imaginary part, Im(c) of the broadband static THz
sheet conductivity of graphene (Gr), MoS, monolayer, and
GrMoS>Gr heterostructure. Thick continuous curves represent the
mean behavior obtained by using polynomial fitting.

Ultrafast THz response of graphene from through AR and AT
kinetics at optical pump photon energies of 3.1 eV and 1.55 eV.
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6.8

Thick continuous lines in the time-resolved spectra are numerical
fits obtained using exponentially decaying function convolved with
a Gaussian probe pulse of 200 fs FWHM duration. The thick dashed
curves in lower panels represent mean behavior of the fluence
dependence of the kinetic parameters. (a-b) AR kinetics at 3.1 eV
(400 nm) at various optical pump-fluences and the corresponding
amplitude A; and decay time-constant t; of the relaxation. (c-d) AR
kinetics at 1.55 eV (800 nm) at varying optical pump-fluences and
the corresponding amplitude A; and decay time-constant t; of the
relaxation. (e-f) AT kinetics at 1.55 eV (800 nm) at various optical
pump-fluences and the corresponding amplitude A1 and decay time-
constant 1| of the relaxation.

Ultrafast THz response of MoS; monolayer. (a) Temporal evolution
of differential THz reflectivity at various pump-fluences. The thick
continuous lines are numerical fits of the data to extract the kinetic
parameters of the evolution.( b) Pump-fluence dependence of the
amplitudes, Ajand corresponding time-constants, ti of the relaxation
components in the THz response. The dashed lines represent the
mean behavior of the parameters.(c) Time-resolved THz reflectivity
change, AR for MoS; monolayer upon fs optical excitation at 3.1 eV
and 1.55 eV using pump-fluence of ~20 pJ/cm?.

Time-resolved THz response of GrMoS>Gr measured in the lock-in
units for (a), fs optical excitation at 3.1 eV with a pump-fluence of
~14 pJ/cm? and measured in the reflection mode. The transient THz
response in (b), reflection, and (c), transmission modes for excitation
at 1.55 eV using pump-fluence of ~20 puJ/cm? revealing Gr-like and
MoS:-like contributions.

Ultrafast THz response of GrMoS:Gr heterostructure through
measurement of pump-induced AR at optical excitation of 1.55 eV
(800 nm). (a) Time-resolved spectra at various pump-fluences. (b-c)
Pump-fluence dependence of the relaxation parameters. Al and tl
correspond to the graphene-like response and A and 71> are

parameters of the MoS»-like relaxation component in the overall
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6.10

6.11

response. Dashed lines in the lower two panels represent the mean
behavior of the fluence-dependence of the relaxation parameters.
Pump fluence dependence of the ultrafast THz response of
GrMoS,Gr heterostructure at 3.1 eV (400 nm). (a) Time-resolved
spectra at various pump-fluences. Thick continuous lines are results
from numerical fitting of the data at various pump-fluences. (b-¢)
Pump-fluence dependence of the amplitudes and time-constants of
the fast (negative) and slow (positive) relaxation components.
Transient THz transmission changes at three pump photon energies
(wavelengths) as marked. For a direct comparison, results for the
graphene sample are also shown by the red point (data) and
continuous curves (fitting).

Real space and momentum space representations of the optically
excited carrier movement between the graphene and MoS: layers
accounting for the transient THz response of the GrMoS:Gr
heterostructure for an optical excitation at 1.08 eV (1140 nm), which
creates photocarriers only in the graphene layers of the

heterostructure.
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